Coherent light-matter interaction can be used to manipulate the energy levels of atoms, molecules and solids. When light with frequency ω is detuned away from a resonance ω0, repulsion between the photondressed (Floquet) states can lead to a shift of energy resonance. The dominant effect is the optical Stark shift (∝ 1/(ω0 − ω)), but there is an additional contribution from the so-called Bloch-Siegert shift (∝ 1/(ω0 + ω)). Although it is common in atoms and molecules, the observation of Bloch-Siegert shift in solids has so far been limited only to artificial atoms since the shifts were small (<1 µeV) and inseparable from the optical Stark shift. Here we observe an exceptionally large Bloch-Siegert shift (∼10 meV) in monolayer WS2 under infrared optical driving by virtue of the strong light-matter interaction in this system. Moreover, we can disentangle the BlochSiegert shift entirely from the optical Stark shift, because the two effects are found to obey opposite selection rules at different valleys. By controlling the light helicity, we can confine the Bloch-Siegert shift to occur only at one valley, and the optical Stark shift at the other valley. Such a valley-exclusive BlochSiegert shift allows for enhanced control over the valleytronic properties in two-dimensional materials, and offers a new avenue to explore quantum optics in solids.
The fundamental interaction between light and matter can be understood within the framework of a twolevel system [1, 2] . When driven by off-resonant light ω < ω 0 (= E 0 ), there are two pairs of photon-dressed (Floquet) states which contribute to the state repulsion with the original states -one pair between the original states ( Fig. 1A) and the other pair outside the original states (Fig. 1B) . The former case leads to a shift of transition energy called the optical Stark (OS) shift, which increases linearly with the light intensity (E 2 0 ) and inversely with the detuning energy, ∆E OS ∝ E 2 0 /(E 0 − ω) [3] . The latter case also leads to a shift, called the BlochSiegert (BS) shift, but it has a different energy dependence, ∆E BS ∝ E 2 0 /(E 0 + ω) [4] . Although the BlochSiegert shift is negligible at small detuning, it can become comparable, and serves as an important correction, to the optical Stark shift at large detuning.
The Bloch-Siegert shift has played an important role in atomic physics, notably for its manifestation as the
FIG. 1.
Comparison of the optical Stark shift and the Bloch-Siegert shift in a two-level system. (A) Energy diagram for optical Stark (OS) shift. |a and |b denote the two original states with resonance energy E0 before they are optically driven. |a + ω and |b − ω are photon-dressed (Floquet) states driven by the co-rotating optical field. Hybridization with these Floquet states causes the resonance energy to blueshift by ∆EOS, which is proportional to the light intensity (E 2 0 ) and inversely proportional to their energy separation (E0 − ω). (B) Energy diagram for Bloch-Siegert (BS) shift. |a − ω and |b + ω are two different Floquet states driven by the counter-rotating optical field. Hybridization with these Floquet states causes the Bloch-Siegert shift, with magnitude ∆EBS inversely proportional to their energy separation (E0 + ω).
Lamb shift in quantum electrodynamics [5, 6] and its contribution to the trapping potential for cold atoms [7] . In condensed matter physics, however, the Bloch-Siegert shift is a very rare finding because so far the shifts were tiny and can only be revealed indirectly by subtracting the dominant optical Stark shift with sophisticated mod- eling [8] [9] [10] . To elucidate the detailed characteristic of Bloch-Siegert shift, it is necessary to separate the two effects. Now, considering that they are time-reversed partners of each other -the optical Stark shift arises from co-rotating field and the Bloch-Siegert shift from counter-rotating field -it is theoretically possible to separate them under stimulation that breaks time-reversal symmetry. Experimental realization of this novel scheme has, however, not been demonstrated thus far.
We report on the observation of an unprecedentedly large Bloch-Siegert shift (∆E BS ∼ 10 meV), which can be entirely separated from the optical Stark shift. Such a large and exclusive Bloch-Siegert shift is realized in a monolayer of transition-metal dichalcogenide (TMD) tungsten disulfide (WS 2 ). This is possible because this material system possesses two distinctive features. First, it exhibits strong light-exciton interaction at the two time-reversed valleys (K, K ) in the Brillouin zone ( Fig. 2A-C) [11] [12] [13] . Secondly, the two valleys possess finite and opposite Berry curvatures due to the lack of inversion symmetry, giving rise to distinct optical selection rules and related valleytronic properties [14] [15] [16] [17] [18] [19] [20] [21] [22] . That is, the optical transition at the K (K ) valley is coupled exclusively to left-handed σ − (right-handed σ + ) circularly polarized light. This leads to a unique material platform that allows us to separate the Bloch-Siegert shift from the optical Stark shift by using circularly polarized light.
We employ femtosecond pump-probe absorption spectroscopy in our experiment ( Fig. 2A) . We pump a monolayer of WS 2 with intense σ − infrared light pulses and probe the energy shift at the K (K ) valley with σ − (σ + ) visible light pulses (see Supplementary Materials). A blueshift of the exciton absorption peak (α) is manifested as a differential curve in the absorption change ∆α (Fig. 2C) . From this, we can deduce the magnitude of the energy shift at both valleys (see Supplementary Materials). Previously, transient absorption with visible pumping has been used to study the optical Stark effect in monolayer TMDs [23, 24] . Here, by pumping with infrared light, we reveal Bloch-Siegert shift in WS 2 for the first time. Figure 2 (D-G) display our results at the K valley (blue curve) and K valley (red curve). For comparison, we first show the ∆α spectra under zero-delay pumping at ω = 1.82 eV (Fig. 2D ). For this small detuning energy, only the K valley shows an appreciable ∆α signal. This signal arises from the optical Stark shift, which occurs exclusively at the K valley [23, 24] . The K valley exhibits only very weak (but observable) signal. However, as we lower the pumping photon energy to 0.59 eV, the signal at the K valley becomes comparable to the signal at the K valley (Fig. 2E) . This observation indicates a pronounced energy blueshift at the K valley, a phenomenon that apparently violates the well-established valley selection rules in monolayer TMDs. Some minor modulation features also appear in the ∆α spectrum, but they are irrelevant to the current study and will be explored in a separate work. We average out these modulations by slightly smoothening the curves (Supplementary Materials). We have further examined the signals at different pump-probe time delay. The ∆α signals at both valleys emerge only at zero time delay, with very similar temporal profiles to the 160 fs duration of the pump pulses (Fig. 2F) . These results indicate the coherent nature of the energy shift, and also exclude the effect from intervalley scattering of possible excited carriers that typically occurs in the picosecond time scale [25] [26] [27] .
To investigate the underlying mechanism of the anomalous energy shift at K valley, we have measured the zerodelay spectra for both valleys at various pump photon energies ( ω = 0.59, 0.69, 0.89, 0.98 eV) and different pump fluences (F = 30−800 µJ/cm 2 ). Here we display the fluence-dependent spectra for pump photon energy ω = 0.59 eV (Fig. 2G) , while the remaining spectra are presented in the Supplementary Materials. The ∆α spectra at both valleys are found to grow with increasing pump fluence. For a more quantitative analysis, we have extracted the energy shift from each spectrum, and plotted it as a function of F/(E 0 − ω) (Fig. 3A) . The shift at K valley exhibits an excellent linear dependence regardless of the different pump photon energies (closed symbols), indicating that it arises from the optical Stark effect. The shift at K valley, however, spreads out with no rigorous linear dependence (open symbols). Such a contrasting behavior indicates that the K -valley shift does not arise from the optical Stark effect. In Figure 3B , we replot the K -valley shift as a function of F/(E 0 + ω) with the same axes scales. Remarkably, the data now exhibit an excellent linear dependence. Moreover, the slope of the K -valley shift in this new plot is identical to the slope of the K-valley shift in Fig. 3A . This observation strongly suggests that the K -valley shift arises from the Bloch-Siegert effect.
Our finding can be verified quantitatively by using either a semi-classical theory or a fully quantummechanical theory [28] (see the details of both treatments in the Supplementary Materials). As we probe only the lowest-energy exciton state (1s), which shows similar properties as those of hydrogen atoms, it is appropriate and sufficient to use a simple two-level framework, as shown in earlier studies [12, 15, 23, 24] . In our semi-classical analysis, we treat the ground state and the 1s exciton state as the two-level system (|a and |b ) with a resonance energy E 0 , driven by a classical electromagnetic wave with amplitude E 0 and frequency ω. We use a left-circularly polarized pump beam E(t) = E 0 (cos(kz − ωt)x + sin(kz − ωt)ŷ), polarized along the xy-plane of the monolayer sample (z = 0), which can also be expressed as:
where the field is decomposed into two terms based on their time-evolution. The interaction Hamiltonian can then be expressed as
Here we can see that the first term ( x − i y)e −iωt induces a transition with ∆m = −1 (co-rotating field), and the second term ( x + i y)e iωt induces a transition with ∆m = +1 (counter-rotating field). Due to the unique valley selection rules in monolayer WS 2 , these two terms are thus coupled exclusively to the K (∆m = −1) and K (∆m = +1) valleys, respectively (Fig. 3C-D) , with their valley-specific interactions as:
Here µ K and µ K are the dipole matrix elements at the K and K valley, respectively, and they have equal magnitudes µ = |µ K | = |µ K |. However, they are associated with opposite time-evolution factors, which lead to a more general theory of valley selection rules in monolayer TMDs. Under resonant absorption condition (ω = ω 0 ), the left-circularly polarized light couples only to the Kvalley. But under off-resonance condition (ω < ω 0 ), the coupling to the K -valley can become significant through the time-reversed process, giving rise to noticeable energy shift. The induced energy shifts at the respective valleys can be evaluated by the time-dependent perturbation theory as: The two energy shifts have different energy dependence, from which we can readily identify ∆E K to be the optical Stark shift and ∆E K the Bloch-Siegert shift. When plotted as a function of their respective energy denominator (E 0 − ω, or E 0 + ω), both shifts exhibit an identical slope. The prediction of common slope and opposite valley indices agrees well with our experimental observation ( Fig. 3A-B) . From our data, we can deduce the dipole matrix elements to be µ = 55 Debye, in excellent agreement with previous measurements [23] . In addition, the ratio between ∆E K and ∆E K is predicted to be (E 0 − ω)/(E 0 + ω), the same as ∆E BS /∆E BS for a generic two-level system. By plotting the average shift ratio measured for each pump photon energies, we find a good agreement between our experiment and theory (see inset of Fig. 3B ).
The physics of this valley-exclusive energy shift can be illustrated in the energy diagrams shown in Fig. 3C-D. The co-rotating field generates a Floquet state ω above the ground state in both valleys, with energy separation E 0 − ω from the excited state. Due to the matching condition of angular momentum, repulsion between the Floquet state and the excited state only occurs at the K valley, giving rise to the ordinary optical Stark shift (Fig.  3C) . On the other hand, the counter-rotating field generates a Floquet state ω below the ground state, with energy separation E 0 + ω from the excited state (Fig.  3D) . The matching condition of angular momentum forbids the level repulsion at the K valley but allows it at the K valley. This gives rise to the Bloch-Siegert shift at the opposite (K ) valley. In other words, the left-circularly polarized light can be understood as stimulating the σ − absorption (∆m = −1) and σ − emission (∆ = +1) processes at K and K valleys, respectively. This unique mechanism demonstrates that the left circularly polarized light can in fact couple to both valleys distinctively, thus establishing a new concept of valley selection rules.
In summary, we have presented the observation of a large, valley-exclusive Bloch-Siegert shift in monolayer WS 2 . This shift exhibits the opposite valley selection rules from the ordinary optical Stark effect, which allows us to completely separate the two effects. This is possible because, as time-reversed partners, the two effects share similar relationship with the two time-reversed valleys in monolayer TMDs, which can be disentangled under circularly polarized light that breaks time-reversal symmetry. Our finding reveals more general valley selection rules and may lead to enhanced control over the valleytronic properties of Dirac materials such as graphene, TMDs, and Weyl semimetals [29] .
